The relative rates of nucleotide substitution at synonymous and nonsynonymous sites within protein-coding regions have been widely used to infer the action of natural selection from comparative sequence data. It is known, however, that mutational and repair biases can affect rates of evolution at both synonymous and nonsynonymous sites. More importantly, it is also known that synonymous sites are particularly prone to the effects of nucleotide bias. This means that nucleotide biases may affect the calculated ratio of substitution rates at synonymous and nonsynonymous sites. Using a large data set of animal mitochondrial sequences, we demonstrate that this is, in fact, the case. Highly biased nucleotide sequences are characterized by significantly elevated dN/dS ratios, but only when the nucleotide frequencies are not taken into account. When the analysis is repeated taking the nucleotide frequencies at each codon position into account, such elevated ratios disappear. These results suggest that the recently reported differences in dN/dS ratios between vertebrate and invertebrate mitochondrial sequences could be explained by variations in mitochondrial nucleotide frequencies rather than the effects of positive Darwinian selection.
Introduction
Protein-coding sequences are subject to various forms of natural selection, and the effects of such selection can be inferred from comparative sequence analysis. The most obvious pattern that emerges from a comparison of orthologous protein-coding sequences is that the third position of codons usually shows the highest levels of nucleotide variability, whereas the second codon position is the least variable. This pattern can be explained by the fact that nucleotide changes at the third codon position are often synonymous-encoding the same amino acid-whereas second position changes are always nonsynonymous (Kimura 1977) . Consequently, the second codon position is expected to be under greater selective constraint than the third position.
A more detailed study of the patterns of nucleotide substitution at synonymous and nonsynonymous sites is often used to infer different forms of natural selection. Specifically, the ratio of these rates can be used to distinguish between purifying selection and positive Darwinian selection (Hughes and Nei 1988; Li 1993; Yang 1998; Yang and Nielsen 2002; Nei 2005) . Although the inferred rate of nucleotide substitution at synonymous sites is usually higher than that at nonsynonymous sites, the ratio of these rates also varies between genes and between organisms. These variations can, in turn, be used to infer variations in the intensity and direction of natural selection acting at the nonsynonymous sites. These inferences are based on the assumption that substitutions at synonymous sites are largely selectively neutral or at least under small selective constraint relative to the intensity of selection at nonsynonymous sites. Given this assumption, a very low proportion of nonsynonymous mutations can be interpreted as a reflection of intense purifying selection maintaining a functional amino acid sequence (for a review, see Meiklejohn et al. 2007 ).
Much attention has been focused on a situation that, a priori, seems unlikely, that is, those cases where the substitution rate at nonsynonymous sites is significantly greater than at the weakly selected synonymous sites (e.g., Hill and Hastie 1987; Hughes and Nei 1988; Yang and Nielsen 2002; Swanson et al. 2003) . The reason for this attention is that a high proportion of nonsynonymous substitutions implies the action of diversifying selection between lineages, also known as positive Darwinian selection.
Although the logic behind these inferences is straightforward, the accurate calculation of these ratios of substitution rates can be confounded by a number of factors in practice. For example, there is an obvious problem of site saturation when calculating substitution rates from observed sequence differences (Gojobori 1983) . In addition and of more relevance here is the fact that nucleotide frequencies may vary between lineages and that such nucleotide biases may affect the calculated rate of change at synonymous sites (Aris-Brosou and Bielawski 2006; Friedman and Hughes 2007) .
In this study, we chose a set of well-studied, singlecopy orthologous genes encoded by animal mitochondrial genomes. Not only are these genes well characterized with regard to their function but their coding sequences are also known to show a variety of significant nucleotide and amino acid biases (Jermiin and Crozier 1994; Perna and Kocher 1995; Foster et al. 1997; Rand and Kann 1998; Reyes et al. 1998; Gibson et al. 2005) . Thus, these sequences provide a well-defined data set for the study of nucleotide biases on the inference of nucleotide substitution rates at synonymous and nonsynonymous sites. For each mtDNA genome, all 13 protein-coding gene sequences were extracted. For each taxonomic group, a single dN/dS ratio was calculated from the average for all genes in that group. We restricted the analyses to the family classifications that have records of at least two species. For each family and each gene, coding sequences and protein sequences were extracted from the mtDNA genome and aligned using ClustalW (Thompson et al. 1997 ). The aligned sequences were used in the CODEML program from the PAML package (Yang 2007) to estimate dN/ dS. Analyses were performed with the following parameters: estimations using pairwise comparisons (runmode 5 À2) and estimations using comparisons that take into account the phylogenetic history (runmode 5 0); omega (measuring the dN/dS ratio) and kappa (measuring the transition to transversion ratio) were estimated from the sequence data based on two alternate models: 1) codon frequencies were estimated based on the assumption of equal nucleotide frequencies at all codon positions (model CF 5 0) or 2) codon frequencies estimated based on the actual nucleotide frequencies at each of the three codon positions (model CF 5 2). The mitochondrial genetic code was adjusted for each of the species according to the listings in GenBank. Manual inspection of data sets removed pairs of sequences with no synonymous divergence (dS 5 0) and pairs of sequences with very large divergence (t . 10, where t is the expected number of nucleotide substitutions per codon).
The dN/dS values for each group are reported as averages over all the constituent families and genes. The analysis of the ''effective number of codons'' (ENC; Wright 1990) was performed using CodonW (http://codonw. sourceforge.net). All plots and statistical analyzes were created using R (http://www.r-project.org).
Nucleotide divergences at synonymous and nonsynonymous sites were calculated taking the phylogenetic history of the sequences into account. For each family and each gene, a phylogenetic history was constructed using the Neighbor-Joining algorithm from the PHYLIP package (Felsenstein 1989 ) with distances calculated according to Hasegawa-Kishino-Yano model of substitutions implemented in the Tree-Puzzle package (Schmidt et al. 2002) . The inferred phylogenies were used as input to the CODEML program (Yang 2007) . For comparison, the analysis was repeated using a nonphylogenetic, pairwise approach and the results from the two methods were compared.
Results
First, we compared the average nucleotide content of mitochondrial coding sequences between vertebrates and invertebrates (see fig. 1 ). In this figure, we show the frequencies of the four nucleotides separately because this captures both the AT/GC bias as well as the strand biases (AT and GC skews). Our results show that although mitochondrial sequences are, in general, GC poor, they also tend to have GC skews (unequal frequencies of C and G) and AT skews (unequal frequencies of A and T). By comparing figure 1a and b, we can see that, as expected, the nucleotide biases are much more obvious at the largely synonymous third codon positions. From figure 1b, we can also see that there are marked differences in nucleotide frequencies between the vertebrates and invertebrates. Among the vertebrates, the GC skews are generally negative (C more frequent than G on the coding strand), whereas the AT skews are positive (A more frequent than T); among the invertebrates, however, the GC skews are not markedly negative but, in contrast to the vertebrates, the AT skews are negative (see fig. 1b ). The most striking difference is that the vertebrates have a significantly lower frequency of T nucleotides than invertebrates (P , 0.001), although they have a significantly higher frequency of C nucleotides (P , 0.0001). The variation in nucleotide content within both vertebrates and invertebrates is indicated in supplementary figure SF1 (Supplementary Material online) . Next we asked if these differences in nucleotide content might affect the calculation of the ratio of nucleotide divergences at synonymous and nonsynonymous sites, that is, dN/dS ratios. To answer this question, we first plotted the published dN/dS ratios (Bazin et al. 2006 ) against the degree of nucleotide bias for the corresponding groups of vertebrates and invertebrates. As an index of nucleotide bias, we used the ENC as this captures both the GC bias and the strand-specific skews (Wright 1990 ). The results show that there is indeed a highly significant negative correlation (correlation coefficient R 2 5 0.87; P 5 1 Â 10 À04 ) between the degree of nucleotide bias and the dN/dS ratio (see fig. 2a ). A similar result can be obtained if GC content is used as the index of nucleotide bias (see supplementary fig. SF2a, Supplementary Material online) . Based on these results, it would appear that the reported higher dN/dS ratios among the invertebrates might be explained by the fact that they have a greater average degree of nucleotide bias in their mtDNA.
These results provide circumstantial evidence that nucleotide biases can affect the calculation of dN/dS ratios. To test if these correlations are indeed due to the variations in nucleotide content, we recalculated the dN/dS ratios using a variety of different approaches. Specifically, we were interested in finding out if some methods were more sensitive to the effects of nucleotide bias than others. First, we compared the results of tree-based and pairwise methods for calculating the nucleotide divergences at synonymous and nonsynonymous sites (see Methods). The results are shown in supplementary figure SF3 (Supplementary Material online). There is a very good agreement between the two methods when the sequences are only moderately biased (overall correlation coefficient R 2 5 0.892; P , 0.0001). For the extremely biased groups such as the Nematoda and the Insecta, however, the tree-based method is less affected by the bias. Nevertheless, it should be noted that the improvement over the simple pairwise method is only moderate.
Our second approach was to repeat the analysis, while explicitly taking the nucleotide content at each codon position into account when calculating the values of dN and dS. This option is available within the PAML package (Yang 2007) . The results are shown in figure 2b . In this case, we see that the negative correlation between the dN/dS ratio and the degree of nucleotide bias has completely disappeared. Moreover, the values for the invertebrates are now, if anything, slightly less than those for the vertebrates. This result shows that the reported average difference in dN/dS ratios between vertebrates and invertebrates is simply due to an average difference in the degree of nucleotide bias between the two groups (see also supplementary fig. SF2b, Supplementary Material online) . This confirms that nucleotide bias can yield artificially high dN/dS ratios for biased sequences and that the degree of inflation is directly related to the severity of the nucleotide bias (see fig. 3 ).
Conclusion
The ratio of nonsynonymous to synonymous substitutions (dN/dS) is widely used to infer the action of natural selection from comparative sequence data. The results presented here demonstrate that these ratios can be affected significantly by nucleotide bias. This means that extreme caution should be used when comparing results between taxa that differ in their nucleotide contents. Specifically, those lineages that have more biased sequences (measured as GC bias and/or strand asymmetry) yield higher dN/dS ratios. This is caused largely by an apparent reduction in dS values among biased sequences (Blouin et al. 1998; Blouin 2000; Aris-Brosou and Bielawski 2006) . In summary, we have shown that strong biases in nucleotide content among mitochondrial sequences can yield artificially elevated dN/dS ratios. Consequently, the nucleotide frequencies at each codon position must be taken into The difference between the results using either 1) a model that assumes equal nucleotide frequencies in all groups or 2) a model that estimates codon frequencies from the average nucleotide frequencies at the three codon positions. Blue circles indicate the values for the invertebrate groups, and red squares indicate the values for the vertebrate groups. There is a strong negative correlation between the magnitude of the differences and the ENC (Pearson's squared correlation coefficient R 2 5 0.922).
